Melatonin and serotonin are important phytochemicals with hormonal, antioxidant, immunoactive, and neuroactive biological properties, and have been identified and quantitated in a broad range of fruits, vegetables, and derivative products. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] At present, relatively little is known about the temporal profiles of these compounds during fruit and vegetable development. Improved knowledge in this area would help guide our understanding of fundamental plant physiology, as well as potentially facilitate better control of melatonin and serotonin concentrations and relative abundances in functional foods. The current work synthesizes the current state-of-the-art regarding the presence and trends of these compounds during fruit and vegetable development. Early work by Udenfriend et al. [15] investigated levels of serotonin in various common fruits and vegetables. The authors found serotonin concentrations ranged up to 150,000 ng·g -1 in banana peel. Substantially higher concentrations were found in the peel of the banana compared to the pulp. During the ripening process, concentrations (in ng·g -1 ) in both the inner (hard green, 74,000 → ripe, 96,000 → over ripe, 161,000) and outer (hard green, 13,000 → ripe, 38,000 → over ripe, 170,000) banana peel increased substantially, to a greater degree than in the respective pulp (hard green, 24,000 → ripe, 36,000 → over ripe, 35,000).
Similarly, Foy and Parrat reported that serotonin concentrations increased during ripening (from 49,900 to 56,700 ng·g -1 ), with a subsequent decrease during over ripening (to 12,000 ng·g -1 ), in French plantain (Musa paradisiaca var. sapientum). [16] In contrast, Vettorazi found a decrease in serotonin levels during ripening of M.
cavendish. [17] In a study of Prata bananas (M. acuminata × M. balbisiana) during ripening, Adao et al. [18] found that serotonin concentrations were relatively invariant between about 15,000 and 20,000 ng·g -1 until the fourteenth day of storage, after which they decreased continuously to about 7,500 ng·g -1 after 35 days storage.
Subsequent work on cherries found that melatonin concentrations in two varieties of tart cherries (Prunus cerasus) differed significantly. Montmorency cherries contained about six-fold higher (13.46±1.10 ng·g -1 ) melatonin levels than Balaton cherries (2.06±0.17 ng·g -1 ). By comparison, Gonzalez-Gomez et al. [19] found that in the Sweetheart, Pico Colorado, and Pico Negro sweet cherry (Prunus avium) cultivars, the highest melatonin levels were found in the ripest fruit, whereas very low or non-quantifiable amounts were observed for the other ripening stages. For the Amrunes cultivar, no detectable melatonin was found at any stage of maturity. In contrast, no significant temporal trends were found for serotonin concentrations in any of the cultivars. Melotonin concentrations ranged from 0.010 to 0.160 ng·g -1 . Serotonin levels were generally higher at between 0.085 to 0.242 ng·g -1 .
Van Tassell et al. [20] found melatonin contents in two tomato cultivars (L. esculentum Mill. cv. T5 and Castlemart) generally increased during ripening up to the mature fruit stage and into the over ripe phase. Depending on the analytical method, concentrations increased from about ≤0.003 ng·g -1 at the immature green stage up to about 0.02 ng·g -1 at the mature stage, or about five to 25-fold lower mature stage concentrations than found by Dubbels et al. [6] in three other tomato cultivars.
Complex temporal patterns of low ng·g -1 melatonin concentrations were observed in the Micro-Tom tomato cultivar (Solanum lycopersicum), although generally increasing levels were found in the later stages of fruit maturation. [21] Murch et al. [22] examined the occurrence and concentrations of melatonin and serotonic in Merlot wine grapes (Vitis vinifera L. var. Merlot) at various berry development stages from lag phase through veraison. The results are difficult to reconcile with the pre-existing literature, and a number of the statistical analyses and conclusions are of concern. While the authors report mean concentrations of serotonin in the grapes ranging from below method detection limits during the pre-lag phase to about 8,000 to 10,000 ng·g -1 at levels consistent with the prior literature (e.g., similar to concentrations previously reported in tomatoes and bananas during ripening), their melatonin concentrations vary between about 100,000 to 200,000 ng·g -1 .
These melatonin levels are from ten to twenty fold higher than serotonin concentrations in the same fruit (a reversal of the common literature trends), and between five to almost eight orders of magnitude (0.005-4.0 ng·g -1 ) higher than grape skin concentrations reported by Iriti et al. [23] in a survey of eight V. vinifera cultivars (Barbera, Croatina, Cabernet Sauvignon, Cabernet Franc, Marzemino, Nebbiolo, Sangiovese, and Merlot) and by Stege et al. [24] in their examination of three V. vinifera cultivars (Malbec, Cabernet Sauvignon, and Chardonnay). The melatonin concentrations reported by Murch et al. [22] also exceed by up to several orders of magnitude what appear to be the previous highest melatonin concentrations in plants and plant foods [11, 12, 14, 25] reported for various medicinal herbs (<8,000 ng·g -1 ). [10, 26] We also expect melatonin to concentrate in the skin and seeds of grapes. Thus, with levels of melatonin in various seed types all <200 ng·g -1 , [27] good agreement by different research groups on grape skin melatonin contents near or below 1 ng·g -1 , [23, 24] and finished wine concentrations of up to 0.5 ng·mL -1 , [24, 28] whole grape concentrations of 100,000 to 200,000 ng·g -1 as reported by Murch et al. do not seem reasonable. [22] Furthermore, the authors claim the highest melatonin concentrations were found at the early stage of veraison, yet a statistical reanalysis of their data shows there is no significant difference in mean concentrations between the four stages of development (p>0.45 by one-way ANOVA). Similarly, the authors linear regression of percent detectable samples for γ-aminobutyrate (GABA) with a quoted r 2 =0.8017 is non-significant (p~0.10). A more rigorous statistical test by the authors for the GABA temporal patterns would have been ANOVA, since arbitrarily assigning sequential integers to a qualitative variable to allow regression against a quantitative variable renders regression statistics meaningless (i.e., the slope and y-intercept have no physical meaning, and all regression statistics [including the significance] will depend on the arbitrary values chosen during "quantitization" of qualitative variables). Consequently, the data presented does not appear to support claims that concentrations of both melatonin and serotonin were increasing during and after veraison. Rather, it appears that melatonin concentrations were temporally invariant during the grape development, and that serotonin concentrations only increased between the pre-lag and "green" phases, after which serotonin concentrations were also temporally invariant.
Additional work [29] has shown that, in contrast to the temporal profiles of melatonin and serotonin in tomatoes, the highest levels of these analytes in the herb Datura metel were found in the earliest stages of ovule and fruit development, with sharp declines in concentrations during development resulting in low levels in mature buds and fruit.
Collectively, the literature reflects sometimes conflicting conclusions regarding the temporal profiles of melatonin and serotonin during fruit and vegetable ripening. At present, it is unclear whether consistent trends can be identified within a particular species, and the direction and magnitude of effects from different geographic locations and management practices. Further work is needed, particularly on wine grapes, for which widely varying melatonin concentrations have been reported between different studies, and for which there is also potential concern over the accurate interpretation of temporal trendings. An improved experimental database in this area will greatly assist in improving our understanding of the molecular controls on plant development, as well as in the design and optimization of new functional food sources.
Literature Cited
